The environmental contamination of Toxoplasma gondii in an endemic area in Brazil was mapped by georeferencing isolates from chickens in farms in the Southeast of the state of Rio de Janeiro. Tissue samples obtained from 153 adult chickens were analyzed by the mouse bioassay for T. gondii infection. These animals were reared free-range on 51 farms in the municipalities of Rio Bonito and Maricá. The ArcGIS kernel density estimator based on the frequency of T. gondii-positive chickens was used to map the environmental contamination with this parasite. A questionnaire was applied to obtain data on the presence and management of cats and the type of water consumed. Of the farms studied, 64.7% were found to be located in areas of low to medium presence of T. gondii, 27.5% in areas with a high or very high contamination level and 7.8% in non-contaminated areas. Additionally, 70.6% kept cats, 66.7% were near water sources and 45.0% were in or near dense vegetation. Humans used untreated water for drinking on 41.2% of the farms, while all animals were given untreated water. The intensity of environmental T. gondii contamination was significantly higher on farms situated at a distance >500 m from water sources (P=0.007) and near (≤500 m) dense vegetation (P=0.003). Taken together, the results indicate a high probability of T. gondii infection of humans and animals living on the farms studied. The kernel density estimator obtained based on the frequency of chickens testing positive for T. gondii in the mouse bioassay was useful to map environmental contamination with this parasite.
Introduction
Toxoplasmosis is a worldwide zoonosis caused by the protozoan Toxoplasma gondii, which affects mammals and birds . Free-range chickens have been used worldwide as indicators of environmental contamination with T. gondii oocysts (Dubey et al., 2008) . These animals eat food directly off the ground and the probability of infection through ingestion of T. gondii oocysts is therefore high (Dubey, 2010) . In addition, the direct detection of oocysts in soil by laboratory techniques is difficult and only 1% of cats excretes oocysts at any time (Beltrame et al., 2012) . The importance of free-range chick- ens for the epidemiology of toxoplasmosis is also related to the fact that their meat is a source of infection for humans and other animals (Hill and Dubey, 2013) . Remote sensing and geographic information systems (GIS) are useful for the analysis of environmental factors related to the spatial distribution of infectious diseases (Meneguzzi et al., 2009; Silva et al., 2011; Djokič et al., 2014) , and the risk maps emanating from this kind of investigation can be used to implement measures for the control and prevention of such diseases (Meneguzzi et al., 2009) . However, the few existing studies on georeferencing of T. gondii infection are based on the results of serological tests in goats (Djokič et al., 2014) , in cats (Afonso et al., 2013) and in otters (Chadwick et al., 2013) . In this respect, mapping environmental contamination based on the isolation of T. gondii from free-range chickens in an endemic area may indicate sites, where the possibility of infection of humans and animals with this parasite is high. The objective of the present study was to apply georeferencing of T. gondii isolates from free-range chickens to map sites of environmental contamination with this parasite in an endemic area in Brazil.
Materials and methods

Study area
The municipalities of Maricá and Rio Bonito, located in the SouthEastern part of the state of Rio de Janeiro, Brazil (Figure 1 ), were chosen for this study because they are considered to be endemic for toxoplasmosis (Luciano et al., 2011; Casartelli-Alves et al., 2012) . According to the Statistical Yearbook of the State of Rio de Janeiro (CEPERJ), Maricá had a population of 127,461 inhabitants in 2010 census and comprises an area of 362 km 2 (CEPERJ, 2012) . The municipal human development index (MHDI) of Maricá is 0.765 according to the United Nations Development Programme (UNDP, 2013). The main economic activities are livestock farming, agriculture, small industries, mineral exploration, construction, fishing and tourism (CEPERJ, 2012; UNDP, 2013) . There is a large lagoon complex (Maricá-Guarapina) nearby that communicates with the Atlantic Ocean. The municipality is located 4 m above the mean sea level (MSL) and has a tropical climate with a mean annual temperature of 23.2°C and an annual precipitation of 1100 mm (CEPERJ, 2012) . The land is partly covered by rainforest or restinga, the coastal tropical and subtropical broadleaf forest vegetation typical for Eastern Brazil.
Rio Bonito had a population of 55,551 inhabitants in 2010 census, it comprises an area of 456 km 2 (CEPERJ, 2012) , and its MHDI is 0.710 (UNDP, 2013). The main economic activities are fruit crops and livestock farming (CEPERJ, 2012; UNDP, 2013) . The municipality is located 40 m above MSL, has a typical rainforest vegetation and a humid tropical climate with a mean annual temperature of 26°C and annual precipitation of 1500 to 2000 mm (CEPERJ, 2012) .
Study sample
A total of 153 adult chickens (Gallus gallus domesticus) reared freerange on 51 farms between April 2009 and July 2011 were studied. Forty-one chickens were from 13 farms in Rio Bonito and 112 were from 38 farms in Maricá. Three animals per farm were evaluated. The chickens were euthanized and subjected to necropsy to collect samples of brain, heart and thigh muscle for the mouse bioassay.
Mouse bioassay
The mouse bioassay was used since it is considered a reference standard method for the diagnosis of T. gondii in chickens (Dubey, 2010) , and also because it permits to evaluate the viability of the parasite in chicken tissues. The assay was performed using a previously described protocol (Casartelli-Alves et al., 2014) . Briefly, a pool of 20 g of tissue samples collected from each chicken was triturated, homogenized, digested with an acid pepsin solution and inoculated into five mice. The bioassay was deemed positive when T. gondii was observed in tissues or peritoneal exudate of the mice, or when anti-T. gondii antibody titers were detected in the serum of the mice by indirect hemagglutination test.
Geospatial analysis
The waypoints of the 51 farms from which the chickens of this study were obtained were marked with a Geko 301 Global Positioning System (GPS) instrument from Garmin (Olathe, KS, USA), which permits the calculation of latitude and longitude with an accuracy of 10 m. Hydrographic data were extracted from the land cover map of the Foundation Center for Information and Data of the State of Rio de Janeiro (CIDE) for the year 2001 (CIDE, 2001) . Data on soil use were obtained by visual interpretation of a colour composition of images with bands 3-4-5 of Landsat 5 TM (http://www.dgi.inpe.br/ siteDgi/ATUS_LandSat.php) with a 30-m spatial resolution, provided by the National Institute for Space Research (INPE) (http://www.dgi. inpe.br/Suporte/files/Cameras-LANDSAT57_PT.php). After elaboration of a database containing all waypoints, the distance (in meters) of the farms from areas of dense vegetation and water sources (rivers and lagoons) was calculated using the ArcGis, version 9.1 (ESRI, Redlands, CA, USA). The properties were defined as being near areas of dense vegetation and water sources when located at a distance ≤500 m from these areas, and as distant when located at a distance >500 m.
A GIS using the waypoints of each farm and the kernel density estimator with Gaussian function and a smooth kernel of 100-m radius (Silva et al., 2011) was applied to spatially identify areas and their intensity of environmental contamination with T. gondii. The parameter used for elaboration of the maps using the kernel density estimator (kernel maps) was the frequency of T. gondii-positive chickens in the mouse bioassay per farm studied. This frequency was classified into the following ranges: high when the frequency was 100%; medium when 67%; low when 33% and negative when 0%. On the basis of these frequencies, the intensity of environmental contamination on the kernel map of each municipality was classified into the following density ranges expressed by color: very high (red color), high (dark orange color), medium (light orange color), low (yellow color) and negative (no color). The number of farms located in the different areas of environmental contamination and land cover was counted on the maps resulting from this operation. Areas in the map showing dense or low vegetation were considered to be rural.
Questionnaire-generated data
Additional data were collected by questionnaires asking the following questions: presence of cat(s); type of food fed to the cat(s); other rodent control methods if applied; type of water consumed by humans and animals; and method for disposal of chicken carcasses and viscera.
Statistical analysis
The selection of the farms was non-random. The exploratory analysis was based on comparisons of the frequencies of intensity of environmental T. gondii contamination and variables that included the questionnaire information, farm location (urban or rural), proximity of the farm to water sources (rivers/lagoons) and proximity to dense vegetation. Statistical analysis was done using the Statistical Package for the Social Sciences (version 16.0) for Windows. Fisher's exact test was used to determine statistically significant associations (exact P<0.05) between the intensity of environmental T. gondii contamination and the variables described above.
Results
Sixty-three (41.2%) of the 153 chickens studied were positive for T. gondii in the mouse bioassay. According to the kernel map (Figure 2 ), 64.7% (n=33) of the 51 farms studied were located in areas of low to medium environmental presence of T. gondii, 27.5% (n=14) in areas Values in brackets represent percentages. °In areas where farms were located according to the kernel density estimator. In view of the small counts obtained for some of the intensity categories of environmental contamination, non-contaminated and low to medium categories were pooled for the statistical analysis. #Situated within vegetation. Table 1 shows the frequency of the presence or absence of cats, type of area, and distance from water sources and dense vegetation. The intensity of environmental T. gondii contamination was significantly higher on farms located >500 m from water sources (64.3% for high/very high intensity vs 21.6% for negative/low to medium intensity, P=0.007) and near dense vegetation (78.6% for high/very high intensity vs 32.4% for negative/low to medium intensity, P=0.003). In Maricá, 65.8% (n=25) of the farms were located in areas of low vegetation, 26.3% (n=10) in areas of dense vegetation, and 7.9% (n=3) in the urban area. In Rio Bonito, 69.2% (n=9) of the farms were located in areas of low vegetation, 15.4% (n=2) in areas of dense vegetation, and 15.4% (n=2) in the urban area.
Article
Cats were present on 69.2% (n=9) of the 13 farms located in Rio Bonito and on 71.1% (n=27) of the 38 farms located in Maricá. In Rio Bonito, 84.6% (n=11) of the 13 farms were located in areas of environmental contamination with T. gondii; cats were present on 63.6% (n=7) of these farms. In Maricá, 94.7% (n=36) of the 38 farms were located in areas of environmental contamination with T. gondii and cats were present on 69.4% (n=25) of them. The cats were fed commercial ration on 58.3% (n=21) of the 36 farms where they were present and the type of food was unknown for 41.7% (n=15) of these farms because the animals were neighbourhood cats. On the 21 farms where the cats were fed commercial ration, these animals were also fed raw or undercooked pork or beef on 19.0% (n=4) and raw or undercooked chicken meat or viscera on 9.5% (n=2). The viscera and carcasses of dead chicken were buried on 82.4% (n=42) of the farms, discarded in the trash on 5.9% (n=3), disposed of in the environment on 7.8% (n=4), and burned on 3.9% (n=2). Chemical products and traps were the only method for the control of rodents on 58.8% (n=30) of the farms; 25.5% (n=13) of the farms used only cats for this purpose, and both methods were used on 15.7% (n=8) of the farms.
With respect to the water consumed by chickens on the 51 farms, the water was obtained from a well on 80.4% (n=41) of the farms, from a river or spring on 15.7% (n=8), and from both on 3.9% (n=2). Chickens and other farm animals were given untreated water (unfiltered and not boiled) on all farms. Analysis of the type of water consumed by humans revealed origin from a well on 74.5% (n=38) of the farms, from a river or spring on 5.9% (n=3) and from commercial bottled water on 19.6% (n=10). Humans used untreated water (unfiltered and not boiled) for drinking on 41.2% (n=21) of the farms and treated water (filtered) for drinking on 58.8% (n=30).
There was no statistically significant association between the intensity of environmental T. gondii contamination and the variables location of the farm in an urban or rural area; presence of cats; type of food fed to the cats; other rodent control methods if applied; type of water consumed by humans and animals; and method for disposal of chicken carcasses and viscera.
Discussion
A high frequency of farms located in areas of environmental contamination with T. gondii was observed in the two municipalities studied. This environmental contamination was demonstrated by the high percentage of chickens testing positive in the mouse bioassay, thus carrying viable parasites in their tissues. A high frequency of environmental contamination has also been demonstrated in other regions of Brazil by serological surveys and isolation of T. gondii from free-range chickens (Oliveira et al., 2009; Dubey et al., 2012) . In the state of Rio de Janeiro, higher environmental contamination than that found here has been observed in the municipality of Campos dos Goytacazes, where the percentage of isolation of T. gondii from free-range chickens was 70.9% by the mouse bioassay . Since human contact with T. gondii oocysts present in soil is greater in rural than in urban areas (Afonso et al., 2008) , the findings of the present study suggest the possibility of infection of the population from the area studied with T. gondii, especially in the rural area.
The high frequency of cats on the farms studied and the fact that a high intensity of environmental contamination was only observed in areas where cats were present suggest a role of these animals in soil contamination in the municipalities studied. These results agree with other authors , who correlated the presence of cats with a higher risk of T. gondii infection in free-range chickens. Freerange chickens are an important source of infection for cats which, when ingesting chicken meat containing T. gondii tissue cysts, can excrete millions of oocysts (Dubey et al., 2002) . The high environmental contamination observed in some places can be due to meat or viscera of slaughtered chickens which cats are fed to (or made available by inadequate disposal) in raw or undercooked form. However, this hypothesis was not confirmed statistically, probably because of the low number of farms where these feeding habits occurred. Cats are often used for control of rodents, and this is the explanation for the high frequency of cats on the farms studied, a fact also reported by other authors investigating T. gondii infection on chicken farms . However, the correlation between the presence of cats and the intensity of environmental T. gondii contamination observed by kernel density estimatior was not confirmed by Fisher's exact test. The lack of a statistically significant association by Fisher's exact test may be due to the fact that this test does not consider the individual aspects of each area indicated by the kernel, which is the most appropriate method for this analysis. Additionally, four farms where cats were present were located in non-contaminated areas and there were 15 farms without cats located in areas with environmental contamination (Table 1) . The lack of an association between the presence of cats and environmental contamination has been reported for pig and sheep farms (Luciano et al., 2011; Ortega-Pacheco et al., 2013) . Furthermore, a study investigating defecation sites of cats in an urban area concluded that the areas most contaminated with oocysts were not necessarily those with the largest number of cats (Afonso et al., 2008) . One possible explanation for the absence of environmental contamination in some areas where cats were present is that these particular animals did not eliminate oocysts in their feces. The observation of areas of contamination, where no cats were present, suggests the possibility of dispersion of parasite oocysts by other factors such as rain, proximity to water sources, wind, or the presence of mechanical vectors.
Although the intensity of environmental T. gondii contamination was significantly higher on farms distant from water sources, more than half the farms in areas with environmental contamination by T. gondii were located near water sources. This finding suggests the possibility of water contamination at these sites with parasite oocysts carried by rainwater from the soil of the farms. Outbreaks of human toxoplasmosis in Brazil related to the consumption of water contaminated with T. gondii oocysts have been described in Rio de Janeiro (Bahia- , Paraná (Moura et al., 2006) and Ceará (Heukelbach et al., 2007) . The use of untreated water for drinking by humans and farm animals is frequent in farms from the state of Rio de Janeiro, as observed by Millar et al. (2012) and in the present study. These data therefore suggest the possibility of infection of the population and animals of these areas through the consumption of water contaminated with T. gondii oocysts. In the present study, the finding that the intensity of environmental T. gondii contamination was significantly higher on farms located near dense Atlantic rainforest vegetation suggests that wild cats may contribute to environmental contamination in the region by eliminating oocysts in their feces. The Atlantic rainforest in the state of Rio de Janeiro, including the municipalities of Maricá and Rio Bonito, is the habitat of four wild cat species that have been shown to be able to excrete T. gondii oocysts in faeces. These species are Herpailurus yagouaroundi (jaguarundi), Leopardus pardalis (ocelot), Panthera onca (jaguar), and Puma concolor (cougar) (Jewell et al., 1972; Patton et al., 1986; Rocha et al., 2004; Elmore et al., 2010) . Anti-T. gondii antibodies have also been detected in omnivorous birds from the Atlantic Rainforest and the frequency of infection was higher among those eating food off the ground (Gennari et al., 2014) . These results indicate a possible transmission by sporulated oocysts present in the wild, a fact that may have also occurred in the present study.
Conclusions
The high frequency of farms located in areas of environmental contamination with T. gondii, the frequent presence of cats, the proximity of water sources, and the high consumption of untreated water observed on these farms suggest a high probability of infection of humans and animals with this parasite. The kernel density estimator obtained based on the frequency of chickens testing positive for T. gondii in the mouse bioassay was a suitable tool to map environmental contamination with this parasite, providing useful information for the control and prevention of toxoplasmosis. 
